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ABSTRACT
We present and analyze spatially-resolved maps for the observed V - and g-band to 3.6µm flux ratios and
the inferred dust extinction values, AV , for a sample of 257 nearby NGC and IC galaxies. Flux ratio maps
are constructed using PSF-matched mosaics of SDSS g- and r-band images and Spitzer/IRAC 3.6µm mosaics,
with all pixels contaminated by foreground stars or background objects masked out. By applying the βV method
(Tamura et al. 2009, 2010), which was recently calibrated as a function of redshift and morphological type by
Kim, Jansen, & Windhorst (2017), dust extinction maps were created for each galaxy. The typical 1-σ scatter
in βV around the average, both within a galaxy and in each morphological type bin, is ∼20%. Combined, these
result in a ∼0.4 mag scatter in AV . βV becomes insensitive to small-scale variations in stellar populations once
resolution elements subtend an angle larger than that of a typical giant molecular cloud (∼200 pc). We find
noticeably redder V−3.6µm colors in the center of star-forming galaxies and galaxies with a weak AGN. The
derived intrinsic V−3.6µm colors for each Hubble type are generally consistent with the model predictions
of Kim et al. (2017). Finally, we discuss the applicability of the βV dust-correction method to more distant
galaxies, for which well-matched HST rest-frame visible and JWST rest-frame ∼3.5µm images will become
available in the near-future.
Keywords: (ISM:) dust, extinction — galaxies: photometry — galaxies: stellar populations — galaxies: evolu-
tion — surveys — methods: data analysis
1. INTRODUCTION
Cosmic dust between an observer and an astronomical ob-
ject both absorbs and scatters incoming light (visible and ul-
traviolet) from the object, and then reradiates the absorbed
energy in the far-infrared (FIR) (van de Hulst 1957; Mathis
1990, and references therein). Our rest-frame ultraviolet
(UV)–visible view of distant galaxies is therefore modulated
by dust extinction. The level of extinction varies across the
face of a galaxy and differs from galaxy to galaxy. As a
result, our interpretation of the distribution, evolution, and
properties of stellar populations within a galaxy is signif-
icantly influenced by the intervening dust (e.g., Elmegreen
1980; Kennicutt et al. 2009).
Correcting for dust extinction generally requires either
costly (or unattainable) UV to FIR multi-wavelength data
in combination with spectral energy distribution (SED) fit-
ting (Conroy 2013, and references therein), or a full radia-
tive transfer analysis (Steinacker et al. 2013, and references
therein). In special cases, dust extinction can be corrected
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in small areas within a galaxy, provided that suitable tracers
exist, such as hydrogen recombination lines.
Tamura et al. (2009, hereafter T09) and Tamura et al.
(2010, hereafter T10) developed an economical method that
offered approximate dust-extinction correction called the
‘βV method’, βV = fV /fL, which uses the observed flux ra-
tios of the visible, V -band, and infrared L-band, ∼3.5µm,
wavelengths. They applied this method to the surface pho-
tometry of the nearby, late-type spiral galaxy NGC 959,
which unveiled a hidden galactic bar. In order to place the
‘βV method’ on a more secure theoretical footing, Kim,
Jansen, & Windhorst (2017, hereafter K17) built a library
of spectral energy distributions (SEDs) by stacking the SEDs
of simple stellar populations (SSPs) —spectral snapshots of
a coeval stellar population— for large ensembles of stochas-
tic star-formation histories1 (SFHs). The SFHs in K17 are
designed to reproduce the mean observed SFH as a func-
tion of morphological class, assuming open-box metallic-
ity evolution. Furthermore, K17 published both modeler-
oriented mass-weighted, and observer-friendly luminosity-
weighted predictions, which were then directly compared
1 http://lambda.la.asu.edu/betav/
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to the luminosity-weighted predictions from integral-field
unit (IFU) observations from Gonza´lez Delgado et al. (2015,
hereafter GD15) to calibrate the empirical ‘βV method’.
After its long-awaited launch, currently scheduled for
2021, the James Webb Space Telescope (JWST; Gardner
et al. 2006) will observe distant galaxies at near-infrared
(NIR; 0.6–5µm) wavelengths with similar spatial resolution
as extant visible wavelength images obtained with the Hub-
ble Space Telescope (HST). Combining rest-frame JWST
∼3.5µm and rest-frame HST V -band observations would ex-
tend the ‘βV method’ from a redshift of z' 0 to redshifts
z. 2. With suitably chosen filter pairs and the previously
computed intrinsic flux ratios from K17, one could then ap-
proximately correct the surface photometry of large samples
of galaxies for dust extinction.
In the present paper, we aim to provide a large database
of g- and V -band to 3.6µm flux ratios for local galaxies
and their corresponding dust-extinction maps. We will an-
alyze the results of the flux-ratios to evaluate the improve-
ment, fidelity, and robustness offered by the approximate
extinction corrections, as well as the nature of exceptional
cases. We can then highlight coherent stellar structures pre-
viously hidden by dust, in addition to cases where the SED
is non-thermal in nature, which can result from (weak) active
galactic nuclei (AGN). We also investigate the dependence
on the physical resolution of a galaxy by comparing sub-
sets of galaxies at different distances. We then compare our
results with those obtained through multi-wavelength SED-
fitting found in the literature.
This paper is organized as follows. In §2, we explain how
the catalog of sample galaxies was constructed and which
data were selected for use. §3 describes the preprocessing
of the data, the derivation of the intrinsic βV -values for each
Hubble type, and the creation of the corresponding AV dust
map for each galaxy. In §4.1–2, we illustrate the relationships
between βV -values and various galaxy properties. In §4.3–4,
we show the derived radial AV -profiles for each Hubble type
and the hidden coherent features found in the βV -map. In §5,
we discuss the applicability of the βV -method. We briefly
summarize our findings in §6.
We adopt the Planck 2015 (Planck Collaboration et al.
2016) cosmology (H0 = 67.8 km sec−1 Mpc−1; Ωm = 0.308;
ΩΛ = 0.692), and we will use AB magnitudes (Oke 1974;
Oke & Gunn 1983) throughout.
2. SAMPLE SELECTION AND DATA
We selected our sample galaxies from the Revised New
General and Index Catalog2 (Steinicke 2018; hereafter S18),
since it contained data necessary for our analysis of well-
studied nearby galaxies. Of the 13,226 objects in the cat-
alog, 9,995 objects are classified as galaxies. Out of these
9,995 galaxies, 568 had available Spitzer Enhanced Imag-
ing Product (SEIP) Super Mosaics FITS3 images, which
2 http://www.klima-luft.de/steinicke/ngcic/ngcic.htm
3 Flexible Image Transport System (Wells et al. 1981; Hanisch et al. 2001)
Figure 1. Demographics of the selected 257 NGC/IC sample galax-
ies containing both Spitzer/IRAC 3.6µm and SDSS g and r mo-
saics. Distributions detailing the (a) redshifts, (b) V magnitudes,
(c) Hubble type, and (d) SF and AGN types are shown for the sam-
ple galaxies. See § 2.1 and Table 1 for details.
were observed with the InfraRed Array Camera (IRAC; Fazio
et al. 2004) Channel 1 onboard the Spitzer Space Telescope
(Werner et al. 2004). These observations were taken at a
wavelength of 3.6µm and have a full-width at half maximum
(FWHM) resolution of ∼1.6′′. The galaxies in each mosaic
were both well-resolved (size& 100× point spread function;
PSF), and roughly centered in the IRAC field-of-view (FOV)
(offset from the IRAC pointing center by. 1′). To avoid sys-
tematic uncertainties resulting from very large optical depths
through a galactic disk, the 568 galaxies were reduced to 410
relatively face-on galaxies with axis-ratio (b/a) larger than
0.5. Column 10 in Table 1 gives for b/a values for indi-
vidual galaxies. Finally, the 257 galaxies which also had
g- and r-band mosaics from the Sloan Digital Sky Survey
(SDSS) Data Release (DR) 12 server4 were selected for the
final sample. The SDSS mosaics have average FWHM val-
ues of ∼1.2′′.
Figure 1 shows the demographics of the 257 selected
galaxies in our sample. The redshift, V -band magni-
tude, Hubble type, and star formation and/or nuclear ac-
tivity type were determined from the NASA/IPAC Extra-
galactic Database5 (NED), S18, The third Reference Cat-
alogue of Bright Galaxies (de Vaucouleurs et al. 1991,
4
https://dr12.sdss.org/mosaics
5 https://ned.ipac.caltech.edu/
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hereafter RC3), and from NED, respectively. The Hubble
type was determined from the RC3 numeric T type: E =
T<−3, S0 =−3≤T< 0, Sa = 0≤T< 2, Sb = 2≤T< 4,
Sbc = 4≤T< 5, Sc = 5≤T< 7, Sd = 7≤T< 9, Irregu-
lar = 9≤T< 91, and Peculiar = 91≤T< 100. If the ‘T-
type’ from RC3 was missing, the value based on the ‘Type’
from S18 and the ‘Classification’ from NED was assigned.
These are indicated with asterisks in Column 16 of Ta-
ble 1. Table 1 also lists the celestial (J2000) coordinates, red-
shifts, magnitudes (B, V , and 3.6µm), absolute magnitude
(3.6µm), major-axis size, r-band effective radius, Petrosian
half-light radius in V band, position angle of the semi-major
axis, Galactic extinction, bulge-to-total light ratio, T-type, T-
type uncertainty, SF/AGN classification, and Figure number
designation. For the SF and AGN classification, the ‘Clas-
sification’ from NED was used to categorize the galaxies
into six types: ‘not active’, ‘Starburst’, Luminous InfraRed
Galaxy ‘LIRG’, Low-Ionization Nuclear Emission-line Re-
gion ‘LINER’, ‘Seyfert 2’, or ‘Seyfert 1’. If the NED classifi-
cation indicates more than one type, we categorize the galaxy
with a preference towards later or more active types. For ex-
ample, NED classifies NGC 0315 as ‘LINER’, ‘Sy3b’, and
also ‘Sy1’. Therefore, we classify NGC 0315 as ‘Seyfert 1’.
Galaxies without any classification are categorized as ‘not
active’.
For each of the 257 sample galaxies, the IRAC Channel 1
(3.6µm) SEIP Cryogenic Release v3.0 Super Mosaics were
downloaded from the Spitzer Heritage Archive6 (SHA). The
data products called ‘Mean mosaics’ were used for the pho-
tometry, and those called the ‘standard deviation maps’ were
used for the signal-to-noise ratio (S/N) calculation; following
the method detailed in the SEIP Explanatory Supplement7.
For the V -band data, mosaic images of 257 NGC/IC galaxies
were downloaded in both the g and r bands from the SDSS
DR12 Science Archive Server4. 30′×30′ SDSS mosaics with
a pixel scale of 0.396′′/pixel were selected, such that they had
sufficiently larger FOV than the SEIP Super Mosaics. All
SDSS images covering the area were used, even if they are
not from the primary8 SDSS data set anywhere.
3. ANALYSIS
For each galaxy, the PSFs of the SDSS g- and r-band mo-
saics were matched to the Spitzer 3.6µm mosaic. The PyRAF
DAOPHOT9 library was used to build model PSFs. Then, the
tasks PSFMATCH10 and WREGISTER11 were used to match
the SDSS and Spitzer PSFs, and then register the image rela-
tive to the 3.6µm Spitzer mosaic (see Appendix A for details
on the PSF matching). Color composite images in the R, G,
6 http://sha.ipac.caltech.edu/applications/Spitzer/SHA/
7 https://irsa.ipac.caltech.edu/data/SPITZER/Enhanced/SEIP/docs/
seip explanatory supplement v3.pdf
8 https://www.sdss.org/dr12/help/glossary/#surveyprimary
9 http://stsdas.stsci.edu/cgi-bin/gethelp.cgi?daophot.men
10 http://stsdas.stsci.edu/cgi-bin/gethelp.cgi?psfmatch
11 http://stsdas.stsci.edu/cgi-bin/gethelp.cgi?wregister
and B channels are made from registered IRAC 3.6µm, the
SDSS g-, and r-band mosaics, respectively. These are avail-
able in Figure Set 2.12
3.1. βV map and Segmentation
The PSFMATCH task convolves the input image with a
convolution kernel to match a PSF of the input image to the
corresponding PSF of the reference image (Phillips & Davis
1995):
k = F
{
F (PSFref)
F (PSFinp)
}
, (1)
where k is the convolution kernel andF indicates the Fourier
transform. After the PSFs were matched and the images were
registered, we interpolated the V -band flux between the g-
and r-band flux using the transformation formula from Jester
et al. (2005) for all stars with (R-I)< 1.15 mag:
V = g − 0.59× (g − r)− 0.01 [mag]. (2)
The rms residual of this transformation equation is 0.01 mag
(Jester et al. 2005). The βV FITS images were produced by
dividing the pseudo V -band co-registered FITS images by
the 3.6µm FITS images using the PyRAF task IMARITH13.
Examples of the resulting images are shown in the top middle
panels of Figure Set 2. The βg images are displayed next to
the βV image in each Figure for comparison.
The host galaxy’s regions were selected using the seg-
mentation map generated by SEXTRACTOR (Bertin &
Arnouts 1996), which was obtained by setting ‘CHECKIM-
AGE TYPE’ as ‘SEGMENTATION’. The SEXTRAC-
TOR parameters ‘DETECT THRESH’, ‘BACK TYPE’,
‘BACK SIZE’, and ‘DETECT NTHRESH’ were carefully
controlled to obtain an optimized segmentation map for each
galaxy. Foreground stars and background galaxies were se-
lected by visual inspection. Point sources, except the ones in
the centers of galaxies, were marked. Extended sources with
disparate colors and/or incoherent features were also marked.
Their coordinates were recorded manually using the PyRAF
DAOEDIT14 task, so that they could be removed from each
segmentation map. For each object removed from the seg-
mentation map, all pixels within a radius of 10 pixels were
set to zero. Finally, each segmentation map was individu-
ally analyzed and then edited, if necessary, using segeditor
(Ryan 2018). The resulting segmentation maps are shown in
the lower left panels of Figure Set 2. The cyan region is the
galaxy of interest and the gray regions correspond to objects
other than the galaxy.
Only the pixels with S/N> 3 in all g-, r-band, and 3.6µm
FITS images were used for further analysis. Each 3.6µm
mosaic comes with an associated standard deviation map,
12 See the electronic version of this paper for the complete set.
13 http://stsdas.stsci.edu/cgi-bin/gethelp.cgi?imarith
14 http://stsdas.stsci.edu/cgi-bin/gethelp.cgi?daoedit
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Table 1. The list of NGC/IC galaxy sample
ID R.A.(J2000) Decl.(J2000) z B V 3.6µm 3.6µm a b/a reff RP50,V PA Gal. Ext. B/T T eT Type SF & Classification Figure
(deg) (deg) (mag) (mag) (mag) (Mag) (′) (′′) (′′) (deg) (mag) AGN Set 2 #
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21)
NGC 0014 2.193333 15.815556 0.002885 12.7 12.1 12.7 –17.8 2.8 0.75 44.4 24.0 25.0 0.117 0.19 10.0 0.3 IBm 0 (R)IB(s)m pec 1
NGC 0023 2.472542 25.923778 0.015231 12.9 12.0 11.5 –22.7 2.1 0.62 14.4 4.2 8.0 0.145 0.49 1.0 0.4 SBa 2 SB(s)a;HII;LIRGSbrst 2
NGC 0193 9.827458 3.331111 0.014723 13.3 12.3 11.7 –22.4 1.4 0.86 19.5 13.8 55.0 0.061 0.78 –2.5 0.6 E/SB0 0 SAB(s)0-: 3
NGC 0266 12.449167 32.277722 0.015547 12.5 11.6 10.3 –23.9 3.0 0.97 42.3 31.2 99.0 0.217 0.28 2.0 0.7 SBab 3 SB(rs)ab LINER 4
NGC 0274 12.757750 –7.056944 0.005837 12.8 11.8 11.7 –20.3 1.5 1.00 * 7.8 25.0 0.211 0.45 –3.0 0.4 E/SB0 0 SAB(r)0- pec 5
NGC 0275 12.767500 –7.066667 0.005817 13.2 12.5 12.3 –19.8 1.5 0.73 * 18.0 126.0 0.211 0.00 6.0 0.4 SBcd/P 0 SB(rs)cd pec 6
NGC 0309 14.177750 –9.913861 0.018886 12.5 11.9 11.8 –22.9 1.94 0.69 44.4 31.2 175.0 0.156 0.06 5.0 0.3 SBc 0 SAB(r)c HII 7
NGC 0315 14.453667 30.352444 0.016485 12.2 11.2 10.3 –24.0 2.08 0.74 36.9 23.4 43.0 0.261 0.78 –4.0 0.5 E2 5 E+:;LINER;Sy3b Sy1 8
NGC 0337 14.958708 –7.577972 0.00549 12.1 11.6 11.0 –21.0 2.9 0.62 31.5 25.8 141.0 0.316 0.31 7.0 0.3 SBcd 0 SB(s)d HII 9
NGC 0382 16.849458 32.403861 0.017442 14.2 13.2 12.3 –22.2 0.7 1.00 * 5.4 * 0.173 0.61 –5.0 0.5 E0 0 E: HII 10
NGC 0383 16.854000 32.412556 0.017005 13.2 12.2 10.8 –23.6 1.6 0.87 * 15.0 30.0 0.173 0.75 –3.0 0.3 E-S0 5 SA0-:;BrClG;Sy LERG 11
NGC 0410 17.745417 33.151889 0.017659 12.5 11.5 11.0 –23.5 2.4 0.54 34.5 16.2 30.0 0.189 0.55 –4.0 0.6 cD 3 E+:;LINER HII 12
NGC 0428 18.232125 0.981556 0.003843 11.9 11.5 12.2 –19.0 4.1 0.76 49.8 34.2 120.0 0.025 0.00 9.0 0.3 SBm 0 SAB(s)m HII 13
NGC 0507 20.916292 33.256056 0.016458 12.2 11.2 10.5 –23.9 3.1 1.00 53.4 37.8 * 0.165 0.39 –2.0 0.3 E-S0 0 SA(r)0ˆ0ˆ;BrClG 14
NGC 0514 21.016250 12.917389 0.008246 12.2 11.7 11.7 –21.1 3.5 0.80 65.7 36.0 110.0 0.073 0.03 5.0 0.3 SBc 0 SAB(rs)c 15
NGC 0596 23.217000 –7.031833 0.006258 11.8 10.9 10.6 –21.7 3.2 0.66 27.3 16.8 40.0 0.107 0.62 –4.0 0.5 E4 0 E+ pec: 16
NGC 0636 24.777208 –7.512611 0.006204 12.4 11.5 11.0 –21.2 2.8 0.75 19.5 10.8 40.0 0.119 0.61 –5.0 0.3 E3 0 E3 17
NGC 0695 27.809333 22.582361 0.032472 13.8 12.8 11.6 –24.2 0.8 0.87 * 6.0 40.0 0.297 0.68 –2.0 1.9 S0/P 2 S0? pec;LIRG HII 18
NGC 0741 29.087625 5.628944 0.018549 12.2 11.1 10.8 –23.8 3.0 0.97 52.2 25.2 90.0 0.133 0.81 –5.0 0.4 E0 0 E0: 19
NGC 0772 29.831583 19.007528 0.008246 11.1 10.3 9.5 –23.4 7.2 0.60 77.1 43.2 130.0 0.157 0.24 3.0 0.3 Sb 0 SA(s)b HII 20
NGC 0777 30.062083 31.429583 0.016728 12.5 11.5 11.0 –23.4 2.5 0.80 34.5 11.4 155.0 0.145 0.66 –5.0 0.3 E1 3 E1 Sy;LINER 21
NGC 0788 30.276875 –6.815528 0.013603 13.0 12.1 11.6 –22.3 1.9 0.74 17.7 12.0 111.0 0.067 0.21 -.0 0.6 S0-a 5 SA(s)0/a:;Sy1 Sy2 22
IC 0195 30.935875 14.709278 0.012168 14.0 13.0 12.7 –21.0 1.17 0.51 * 3.6 126.0 0.137 0.72 –2.0 0.8 S0 0 SAB0ˆ0ˆ 23
IC 0208 32.115583 6.394917 0.011755 14.2 13.4 12.9 –20.7 1.8 1.00 * 19.8 * 0.133 0.03 4.0 0.8 Sbc 0 SAbc 24
IC 0214 33.523292 5.173250 0.030224 14.7 14.2 11.3 –24.4 0.8 0.75 * 3.0 162.0 0.109 0.18 7.0* * Sd 2 I? LIRG 25
NGC 0985 38.657375 –8.787611 0.043143 14.0 13.4 12.8 –23.6 1.0 0.90 13.2 8.4 69.0 0.093 0.73 10.0 0.8 Ring/P 5 SBbc? p (Ring) Sy1 26
NGC 0992 39.356208 21.100833 0.013813 13.7 12.8 11.6 –22.3 0.9 0.78 * 5.4 7.0 0.409 0.45 5.0* * Sc 2 S? LIRG 27
NGC 1016 39.581500 2.119250 0.022209 12.6 11.6 11.0 –24.0 2.4 1.00 36.0 19.2 * 0.053 0.69 –4.5 0.5 E0 0 E 28
NGC 1143 43.790458 –0.177861 0.028216 14.1 13.1 12.5 –23.0 0.9 0.89 * 8.4 110.0 0.177 0.29 –4.3 0.6 Ring A 0 S0 pec (Ring A) 29
NGC 1144 43.800833 –0.183556 0.028847 13.8 13.0 12.0 –23.6 1.1 0.64 16.8 9.0 130.0 0.177 0.40 3.0* * Ring B 4 S pec (Ring B) Sy2 30
NGC 1265 49.565250 41.857750 0.025137 14.4 13.4 11.3 –24.0 1.8 0.89 41.4 12.0 125.0 0.753 0.66 –4.0 0.5 E5 0 E+ LERG 31
NGC 1275 49.950667 41.511694 0.017559 12.6 11.9 10.8 –23.7 2.2 0.77 16.8 22.2 110.0 0.697 0.29 99.0 * S0/P 4 cD;pec;NLRG;Sy2;LEG 32
NGC 1667 72.154750 –6.319972 0.015167 12.8 12.1 11.4 –22.8 1.8 0.78 18.6 12.6 20.0 0.221 0.05 5.0 0.4 SBc 4 SAB(r)c Sy2 33
NGC 1700 74.234625 –4.865778 0.012972 12.2 11.2 10.5 –23.3 3.3 0.64 18.6 9.0 120.0 0.113 0.82 –5.0 0.3 E4 0 E4 34
NGC 2403 114.214167 65.602556 0.000445 8.9 8.5 8.6 –17.9 21.9 0.56 143.7 126.0 127.0 0.157 0.00 6.0 0.3 SBc 3 SAB(s)cd;HII LINER 35
NGC 2415 114.236208 35.241972 0.012622 12.8 12.4 11.6 –22.2 0.9 1.00 * 7.2 * 0.161 0.37 10.0 1.7 Im 0 Im? 36
IC 0486 120.087417 26.613528 0.026875 14.6 13.7 12.6 –22.8 1.11 0.66 * 6.0 139.0 0.049 0.59 1.0 0.9 SBa 5 Sy1 37
NGC 2500 120.471708 50.737111 0.001681 12.2 11.6 11.1 –18.2 2.9 0.90 * 40.8 48.0 0.129 0.21 7.0 0.3 SBcd 0 SB(rs)d HII 38
NGC 2512 120.782708 23.391833 0.015684 13.9 13.1 12.3 –21.9 1.4 0.64 12.9 11.4 113.0 0.161 0.31 3.0 0.8 SBb 1 SBb Sbrst 39
IC 2239 123.528292 23.866361 0.020174 14.6 13.6 12.9 –21.9 1.3 0.85 * 4.8 168.0 0.185 0.46 0.0* * S0 0 S0? 40
NGC 2552 124.835542 50.009639 0.001748 12.6 12.1 13.1 –16.4 3.5 0.66 68.7 43.2 57.0 0.165 0.00 9.0 0.3 SBm 0 SA(s)m? 41
NOTE—Our sample of 257 galaxies, sorted by R.A. Unless stated otherwise, all table entries are taken or derived from NASA/IPAC Extragalactic Database (NED)a
Table 1 is published in its entirety in the online journal. A portion is shown here for guidance regarding its form and content.
(1) Same as S18
(2) R.A. in degrees and in epoch J2000.0
(3) Decl. in degrees and in epoch J2000.0
(4) Redshift from NED
(5) TotalB-band magnitude from Steinicke 2018
(6) Total V -band magnitude from Steinicke 2018
(7) Total 3.6µm magnitude measured using GALFIT (AB mag; see Appendix C for more information)
(8) (7) + Distance Modulus from (4): not taking into account K-correction
(9) Major axis in arcminutes
(10) Axis-ratio
(11) Effective radius in r-band in arcseconds from RC3, but recomputed by RAJ from log(Ae) after accounting for the fact that the listed Ae values were diameters, not radii
(12) Petrosian Half-light radius measured in V -band in arcseconds
(13) Position angle from S18 from North through East
(14) Foreground Galactic extinction
(15) Bulge-to-total light ratio measured in 3.6µm using GALFIT
(16) T-type from RC3 or assigned (with ‘*’) based on (18) and (20)
(17) T-type error from RC3
(18) Morphological type from S18
(19) Assigned SF/AGN classification based on (20) [0 = Not active, 1 = Starburst, 2 = LIRG, 3 = LINER, 4 = Seyfert 2, 5 = Seyfert 1]
(20) Morphological and activity classification from NED
(21) Figure Set number
aThe NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space
Administration.
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Figure 2. (a) NGC 0788 and (b) NGC 5633 for each: (top left) RGB color composite from the IRAC 3.6µm, SDSS r-, and SDSS g-
band images, with the classification from the NASA/IPAC Extragalactic Database (NED) on the bottom. (top middle) βV -image. (top right)
βg-image. (bottom left) SEXTRACTOR segmentation map masking out regions near Galactic stars from the galaxy of interest (cyan). (bottom
middle) βV -image of all pixels with a signal-to-noise ratio greater than three in all mosaics for the region defined by the bottom-left segmentation
map. (bottom right) Dust AV -map calculated by the ratio of the βV to the βV,0-values (see Equation 3). The AV -profile (red) is plotted in the
top right corner as a function of normalized radius with the GD15 AV -profile for the corresponding Hubble type (black). The complete figure
set (257 images) is temporarily available in Google Drive link before the pulication b.
a https://drive.google.com/open?id=1gN fUw RgEG4MOaGg9extOQ
ZbH2lOPo
b https://drive.google.com/open?id=1gN fUw RgEG4MOaGg9extOQ
ZbH2lOPo
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which we used as a noise map. A similar data product is
not available for the g- and r-band mosaics, so we measured
the standard deviation of the background noise fluctuations
and used it as the noise value of each mosaic. The final βV
and AV maps used for our analysis are shown in the lower
middle and right panels of Figure Set 2.
3.2. βV,0 derivation
A βV -profile of a galaxy was built by taking the median of
the βV -values in elliptical annuli with major axes increasing
from 1 pixel to the maximum visible size of a galaxy (‘a’ in
Table 1). This was done with a linear step size of one pixel,
while the axis-ratio and position angle (PA) were fixed as
‘b/a’ and ‘PA’ in Table 1. The outer (r > 20% of ‘a’) annuli
with more than half of pixels masked out were excluded from
the βV -profile.
The βV -profiles were then converted into AV -profiles us-
ing:
AV (r) = 2.5× log (βV,0/βV (r)) , (3)
where βV,0 is the global intrinsic βV -value, assuming negli-
gible extinction at 3.6µm (see Equation 5 in K17).
The βV,0-values for each galaxy or Hubble type were de-
rived by grid-searching for the βV,0-value which had the low-
est χ2 between AV -profiles from Equation 3 and the average
AV -profiles for each Hubble type from GD15 (see Figure 17
in GD15):
χ2 =
rn∑
r=r0
(AβVV (r)−AGD15V (r))2
σβV (r)2
, (4)
where r is the linearly increasing galactic radius normal-
ized by the Petrosian half-light radius (RP50; Blanton et al.
2001; Yasuda et al. 2001) (see Appendix B for more details),
AV
βV(r) is the individual or average AV -profile from Equa-
tion 3 for a galaxy or Hubble type respectively, AV GD15(r)
is the average AV -profile for each Hubble type from GD15
for face-on (b/a> 0.63) galaxies, and σβV (r) is the scatter in
AV
βV(r). We interpolated over AV βV(r), so that the num-
ber of radius bins (rn = 15) was the same as in AV GD15(r)
within a range of radius of r= 0–3×RP50,V . For 69 galax-
ies, the radial steps were less than the FWHM of the matched
PSF (1.6′′), which indicates that adjacent data points in the
AV
βV(r) profiles are correlated. However, the βV,0-values
of interest are derived from the statistical average of multiple
galaxies per Hubble type. The median βV -profiles among
≥ 5 galaxies are used in Figures 6 and 7. Medians and 1-
σ ranges in the distribution of the resulting βV -values are
shown in Figure 8 and 9. We refer to §4.3 for more details.
We also verified that changing the value of rn from 15 to 30
did not significantly change the βV,0-values.
3.3. AV map using βV,0
AV -maps were generated using Equation 3 as a function
of each pixel instead of as a function of radius (see the lower
right panels of the Figure Set 2; hereafter ‘DUST MAP’).
The βV,0-value for each galaxy was selected as the value
with the lowest χ2 in Equation 4. That βV,0-value is printed
in the top left corner of each ‘DUST MAP’ panel. The in-
set in the top right corner of each ‘DUST MAP’ panel shows
AV
βV(r) (red) and AV GD15(r) (black) curves as a function
of the normalized radius, where the shading represents the
1-σ scatter in the βV -profile. The errorbar at a radius of
R=RP50,V in the inset represents the uncertainty in the AV -
value at the half-light radius for the corresponding Hubble
type from GD15.
Yellow ellipses with major axes values ofRP50 and 3×RP50,
corresponding to the tick marks on the AV -profile plot, are
overplotted on each ‘DUST MAP’ image.
4. RESULTS
4.1. βV vs. T-type and z
The distribution of the βV -values for our sample galaxies is
shown in Figure 3 as a function of T-type. The uncertainty in
the T-type and the 1-σ error of the βV -range are represented
by the shape of the ellipses. Furthermore, SF/AGN types are
represented by the color of each ellipse. For each integer
T-type in our sample, a range of T-types was selected from
T−0.5<T<T+0.5. To investigate the trend in this plot, the
following steps were taken. For each galaxy in every T-type
range, a βV -value was sampled from a random distribution
of βV -values created using the mean and 1-σ error for each
galaxy. This was repeated 1,000 times to determine a more
statistically significant average βV -value for each T-type. In
Figure 3, this average is shown by the solid blue line, while
the corresponding 1-σ error range is illustrated by the vertical
blue lines.
The global βV -values (solid blue line) in Figure 3 are sim-
ilar to Figure 14 of K17, which corresponds to the range of
βV -values derived from the K17 SED models that adopted
the observational stellar population properties from GD15.
From both figures (Figure 3 here and Figure 14 of K17), the
average βV -values, as well as the scatter of the values, in-
creases with T-type. The observed 1-σ scatter in βV due to
both the pixel-to-pixel variations within a galaxy, and from
galaxy to galaxy within a Hubble type bin are listed in Ta-
ble 2. Within individual galaxies, the pixel-to-pixel scatter
increases toward later Hubble types, from 0.08 for E to 0.18
for Sb and to 0.33 for Irr&Pec. From galaxy to galaxy, the
spread within a Hubble type bin also increases from 0.17 for
E through Sbc to 0.45 for Irr&Pec. On average, the spread
in βV around the average, both within a galaxy and for each
morphological type bin, are ∼20%, which results in a ∼0.4
mag scatter in AV . Slowly evolving old and metal-enriched
stellar populations in early-type galaxies tend to be more sim-
ilar compared to more dynamically evolving young and low-
metallicity galaxies of later types, resulting in a wider βV -
range for the latter. However, spiral types with βV -values
less than 0.5 from Brown et al. (2014) in Figure 14 of K17,
are not seen in this sample. This difference seems to origi-
nate from an intrinsic difference in the type of galaxies from
our sample compared to the sample in Brown et al. (2014).
Almost all of Brown et al. (2014)’s galaxies have low resolu-
tion 5–38µm spectra from the Spitzer Infrared Spectrograph
(IRS; Houck et al. 2004). This wavelength range is where the
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Table 2. The observed 1-σ scatter in βV , βV,0, and the calculated 1-σ errors in AV for galaxies in each Hubble type bin.
E S0 Sa Sb Sbc Sc Sd Irr&Pec
(46)a (38) (31) (43) (16) (45) (15) (23)
Within a galaxyb 0.08 0.15 0.20 0.18 0.24 0.30 0.31 0.33
From galaxy to galaxyc 0.15 0.19 0.16 0.19 0.17 0.27 0.32 0.45
1-σ ranges of βV,0d 0.15 0.25 0.38 0.38 0.35 0.63 0.45 · · ·
βV,0
e 0.55+0.08−0.07 0.64
+0.13
−0.12 0.72
+0.11
−0.27 0.68
+0.19
−0.19 0.89
+0.15
−0.20 0.96
+0.37
−0.26 1.14
+0.29
−0.16 · · ·
Expected ∆AV f 0.30 0.36 0.36 0.38 0.38 0.45 0.45 0.53
Notes: (a) The number of galaxies in each Hubble type bin. (b) The mean of 1-σ scatter in the pixel-to-pixel βV -values within each galaxy (half
vertical sizes of the ellipses in Figures 3 and 4) in each Hubble type bin. (c) The standard deviation of the galaxy-by-galaxy average βV -values
(central vertical values of the ellipses in Figure 3) in each Hubble type bin. (d) The 1-σ scatter of the inferred βV,0-values for galaxies in each
Hubble type bin. See §4.3 and Figure 8 for more details. (e) The median and the 1-σ ranges of the inferred βV,0-values. (f) The calculated 1-σ
scatters of AV -values using the derivatives of Equation 3 [ dA(x)dx = 2.5 × dβV (x)/dxln(10)βV (x) , where we adopt (d) for dβV (x)/dx and the average
βV -values for each Hubble type bin for βV (x))].
Figure 3. βV -values as a function of T-type for our sample galax-
ies. The colors of each ellipse represents the SF/AGN type of each
galaxy, while the horizontal and vertical size represents the T-type
and the 1-σ βV uncertainties, respectively. The solid line represents
the mean and 1-σ uncertainty for 1000 randomly generated βV -
values for T−0.5<T<T+0.5. No relationship is seen between
the SF/AGN types and their βV -values within each type bin.
re-radiation from dust clouds dominates. Furthermore, these
differences can also be attributed to the majority of the galax-
ies in Brown et al. (2014) being of the SF/AGN class, while
the majority of our sample galaxies are listed as ‘not active’.
The registered image data has a pixel scale of 0.6′′, which
is ∼38% of an FWHM of the Spitzer/IRAC 3.6µm mosaics.
This corresponds to a galaxy surface area of 132, 2502, 4902,
and 7182 pc2 at z= 0.001, 0.02, 0.04, and 0.06, respectively.
Statistically, as redshift increases, the sample surface area in-
creases by factors of ∼370 (z= 0.02), 1420 (z= 0.04), and
3050 (z= 0.06) times compared to a galaxy at a redshift of
z= 0.001. This reduces the scatter of any measurements
taken by ∼19, 38, and 55 times compared to the measure-
ment taken at a redshift of z= 0.001 for a completely ran-
dom sample. This trend is illustrated in Figure 4, where the
median and the scatter in βV -values decreases significantly
as the redshift increases. For redshifts less than z. 0.02, this
trend holds. This trend can be interpreted as the βV -values
arising from stellar populations not being well-mixed (i.e.,
being spatially correlated among adjacent pixels), as well as
spatial resolution effects, which cause less variance in βV at
z& 0.02.
4.2. Central βV vs. SF and AGN activity
In Figure 3, SF/AGN galaxies are seen to have randomly
distributed global βV -values. However, they do have charac-
teristically lower βV -values in their centers. Figure 5 shows
histograms of the mean βV -values of the central 3×3 pixels
for various SF/AGN galaxies—‘Not active’, ‘LINER’, ‘Star-
burst’, ‘Sy 2’, ‘Sy 1’, and ‘LIRG’—from top to bottom in
order of decreasing median central βV -values. Nine galax-
ies, whose central 3×3 pixels are masked out, are excluded.
Central star-forming regions are thought to be enshrouded by
molecular clouds, while accretion disks surrounding super-
massive black holes are thought to be surrounded by a dust
torus (Urry & Padovani 1995). Relatively low βV -values in
the centers of active galaxies support this idea of dusty envi-
ronments of active SF regions and AGN.
4.3. βV,0-values and AV -profiles
Figure 6 shows AV -profiles for each Hubble type, corre-
sponding to the least square fitting of the median-combined
βV -profile to the average AV -profile from GD15. The βV,0-
values and numbers of galaxies for each Hubble type are
also listed. Spiral (Sa, Sb) galaxies have steeper AV -profiles
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Figure 4. The median and 1-σ range of βV -values as a function
of redshift for each Hubble type in our sample. The scatter in βV -
values for a single galaxy and the width of the distribution for a
specific Hubble type decreases as redshift increases, which can be
understood as a spatial resolution effect. The trend seems to level
out at z& 0.02, which corresponds to the spatial resolution achieved
by HST and JWST at a redshift of z' 0.2.
than what was calculated in GD15. Sbc and Sd types show
larger stochastic fluctuations, because they have fewer than
half of the number of objects compared to other galaxy type
bins. The scatter in the βV -profiles results in larger uncer-
tainties than what was derived from the measurement error at
R=RP50 from GD15. This is expected, since the βV -method
uses only two broadband images and a single color βV,0,
whereas GD15 used three-dimensional spectral images and
a library of SED models.
The E–Sb types were subgrouped into ‘Large bulge’ and
‘Small bulge’ categories by their bulge-to-total light ratios
(B/T) derived using GALFIT (Peng et al. 2002, 2010) (see Ap-
pendix C for details). The B/T threshold values were arbitrar-
ily chosen, so that there were comparable numbers in each of
the two subgroups. The AV -profile fitting process was then
repeated (see Figure 7), which significantly reduced the χ2
for the small-bulge subgroup of the Sa type. More uniform
stellar populations of galaxies in a subgroup result in more
reliable AV -profiles using the βV -method. This is discussed
in § 5.
Figure 8 shows the histograms of the βV,0-values derived
individually for each galaxy. We obtained the βV,0-values
for each galaxy by least square fitting its βV -profile to the
Figure 5. Histograms showing the mean βV -values for the central
3x3 pixels of each galaxy. From top to bottom, this is done for 248
NGC/IC galaxies with different SF/AGN types: Not active, LINER,
Starburst, Seyfert type 2, Seyfert type 1, and LIRG. Compared to av-
erage (Not active) galaxies, galaxies with increasing star-formation
and/or nuclear activity have decreasing central βV -values, which
implies an increasing amount of dust.
average AV -profile of the corresponding Hubble type from
GD15. The βV -profile is converted to the AV -profile with
a reference βV,0-value (see Equation 3). The median and
1-σ ranges are shown as dot-dashed and dotted green ver-
tical lines, while the βV,0-values derived from the median-
combined βV -profiles are shown as dark brown dashed lines.
The median values and associated ranges are listed in Ta-
ble 2. The 1-σ ranges are comparable to the quadratic sum of
the pixel-to-pixel and the galaxy-to-galaxy βV -variations in
Figure 3. The median values derived with these complemen-
tary methods agree to within ± 1σ.
4.4. Hidden Coherent Features
Coherent features buried in a single band or even in com-
posite images (such as top left panel of Figure Set 2) stand
out in color images, such as in the βV , βg , and/or AV -maps.
The features found in these color maps are detailed in Ta-
ble 3, along with notes on their corresponding galaxies.
Star-forming regions and dust lanes are the most common
features, which have bluer and redder (V -3.6µm) colors, re-
spectively.
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Table 3. Coherent features revealed in the βV , βg , and/or AV images and lists of galaxies containing the features
Features (Number of galaxies) Galaxies (In the order of ID)
Star-forming regions (15) NGC 14, 337, 2500, 2552, 2730, 3020, 3381, 3395, 3622, 3794, 3870, 3906, 5668, 5669, 5691
Dust lanes (43) IC 676, 1065, 2239, 1551, 2637, NGC 23, 266, 275, 1667, 2512, 2608, 2712, 2731, 2742, 2750,
2776, 2782, 2824, 2893, 2906, 3015, 3049, 3055, 3265, 3349, 3351, 3489, 3655, 3720, 3726,
3799, 3801, 3811, 3921, 4194, 5631, 5633, 5992, 7080, 7177, 7479, 7653, 7798
Star-forming regions IC 1076, NGC 275, 309, 337, 2403, 2415, 2731, 2742, 2776, 2906, 3020, 3055, 3184, 3192,
and dust lanes (30) 3212, 3239, 3310 (pec), 3344, 3370, 3381, 3395 (pec), 3486, 3646, 3659, 3686, 3726, 3794,
3799, 3811, 3870, 4234, 4420, 4449 (Sbrst), 5660, 5691, 5936, 5992, 7714 (pec), 7741, 7753
LIRG-like thick dusty cloud (18) IC 214, 730, 2520 (with blue halo), NGC 992, 1144 (pec,Sy2), 3593 (Sy2), 3655, 3683,
3822 (Sy2), 3839, 3934, 4207 (elongated), 4414 (LINER), 5541, 5653, 5953, 5990, 6240
Central dust torus (10) IC 730, 2551, 2637 (Sy1.5), NGC 383 (LERG1), 3015 (NLAGN2), 3349, 3921 (pec), 4014, 4290,
7742 (LINER)
Central dust cloud IC 486 (Sy1), 676, 691, 3050, 5298 (Sy2), NGC 788 (Sy1,2), 985 (Sy1), 1275 (cD;pec;NLRG3;
Sy2;LEG), 2782 (Sy1, Arp 215), 2824 (Sy?), 2831, 3212, 3561, 3720, 3781, 3839 (with blue disk),
3928, 4150, 4162 (AGN), 4194 (pec), 4335, 4369 (intertwined with blue), 4378 (point-like; Sy2),
4412 (LINER), 7177 (LINER), 7674 (Sy2)
Star-forming ring NGC 3011
with outer dust ring (1)
Dust ring (2) NGC 2844, 3032
Polar dust ring (2) NGC 2685(Arp 336)a, 3801
Outer blue ring (3) NGC 3938, 4162, 7217
Dusty disk in E type (1) NGC 3656 (Arp 155, pec, LINER)
Blue disk in E type (2) IC 692, NGC 3011
Central blue region (2) NGC 3773 (H II), 7077 (H II)
M82-like outflow (?) (1) NGC 3622
Green center bluer outskirt region IC 208, 2239, 3050, NGC 274 (pec), 275 (pec), 309, 428, 2043, 2500, 2604, 2730, 2750, 2776,
(Negative color gradient) (32) 2893, 3032, 3049, 3055, 3162, 3319, 3344, 3370, 3489, 3646 (ring), 3659, 3773, 4136, 4234,
4412, 4420, 5584, 5585, 7731
Blue center with green outskirt (3) NGC 3741 (BCDd), 4068, 6789
(Positive color gradient)
Notes: (1) Low-excitation radio galaxy; (2) Narrow-line AGN; (3) Narrow emission-line radio galaxy; (4) Blue compact dwarf; pec: peculiar,
Sbrst: Starburst.
a https://apod.nasa.gov/apod/ap140314.html
LIRG-like galaxies are dominated by optically-thick dust
clouds that are likely to be undergoing cold gas accre-
tion from the cosmic web, harboring an AGN (see Mu¨ller-
Sa´nchez et al. 2018; Saito et al. 2018, for e.g., the case of
NGC 6240), or experiencing the aftermath of a recent merger
(see Pingel et al. 2018, for e.g., the case of NGC 4414).
AGN appear to have at least local dust clouds such as
NGC 1275 (Tanada et al. 2018) and NGC 985 (Appleton
& Marcum 1993), except the active, dustless, bulgeless,
intermediate-mass black hole in NGC 3319 (see Jiang et al.
2018).
Inner and outer rings in NGC 3011 have been found by Gil
de Paz et al. (2003). The inner ring could have been produced
by a starburst-driven shock interacting with the surrounding
medium (Marino et al. 2013).
Dust rings in NGC 2844 and NGC 3032 are also found and
included in the Atlas of Resonance Rings As Known In S4G
(ARRAKIS; Comero´n et al. 2014). These rings appear to
be formed by a dynamical resonance resulting from non-
axisymmetries in galaxy disks (Comero´n et al. 2014).
NGC 2685 (Arp 336, also known as “The Helix Galaxy”)
is a well-known polar ring galaxy (Sandage 1961; Eskridge
& Pogge 1997), which has an outer ring perpendicular to the
galactic disk. This is seemingly the remains of a merger with
a polar-orbiting smaller galaxy.
NGC 3801 could be at an earlier stage of an NGC 2685-
like merger (Hota et al. 2012). The merging event ∼2–3 Gyr
ago is presumably responsible for nuclear-ring in NGC 7742
(Martinsson et al. 2018), while the minor merger ∼200 Myr
ago (Knierman et al. 2012, 2013) is responsible for the cen-
tral dust in NGC 2782 and in NGC 4194 (Ko¨nig et al. 2018).
Balcells (1997) argues that the dusty disk, two tidal tails,
and shells in E-type NGC 3656 is the outcome of a disk-disk
major merger. Conversely, the blue disk in the E-type, but
low-mass, “blue sequence” galaxy IC 692 is from cold-mode
gas accretion (Moffett et al. 2012).
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Figure 6. AV -profiles as a function of galactic radius normalized by
the Petrosian half-light radius for different Hubble types. The gray
dotted lines are the averaged AV -profiles of face-on (b/a> 0.63)
galaxies as a function of Hubble type from the CALIFA survey
of Gonza´lez Delgado et al. (2015). The error bars at a radius of
R=RP50 indicate the measurement errors at the half-light radii for
each Hubble type from GD15 (see their Fig. 14), while the solid,
dark brown lines are AV -profiles generated from Equation 3 using
the median βV -profile for each Hubble type. The βV,0-value with
the smallest χ2 in Equation 4 is grid-searched, and the results are
detailed on each panel along with the number of galaxies for each
type. The light purple shaded regions represent the 1-σ ranges of
the βV -profiles. Sections of the AV -profiles where the number of
available βV -profiles less than five are excluded from the χ2 fit-
ting. This is the case for the outskirts of the Sd types. Overall, the
profiles agree with the CALIFA survey results from GD15. Slight
deviations are seen in the slopes of spiral galaxies (Sa, Sb) and in
the stochastic fluctuations of galaxies with small sample sizes (Sbc,
Sd).
Both NGC 3773 and NGC 7077 have central blue features
that are classified as H II regions, which are probably caused
by Wolf-Rayet stars (Miralles-Caballero et al. 2016).
The sandglass-shaped feature in NGC 3622, which resem-
bles the outflow of M82, has never been reported. SDSS
DR12 classifies this galaxy as a starburst galaxy, which re-
inforces the idea of an outflow-like feature. Strong Hα and
Figure 7. Same as Figure 6, but with each Hubble type divided
into large and small bulge subgroups. The subgroups are defined by
bulge-to-total light ratios larger or smaller than 0.7, 0.5, 0.45, and
0.25 for the E, S0, Sa, and Sb types, respectively. AV -profiles for Sa
type galaxies are in closer agreement for the small-bulge subgroup,
which is a direct result of a more uniform stellar population within
that subgroup.
O III emission lines might be the cause of this particular fea-
ture15.
In total, 32 galaxies have noticeable negative color gradi-
ents, while 3 have positive color gradients. The color gradi-
ents of NUV(Galaxy Evolution Explorer (GALEX)) / 3.6µm
(S4G) observations for the disks of 1931 nearby galaxies
(z < 0.01) also show negative color gradients (see Figure 6 in
Bouquin et al. 2018, see also de Jong 1996, Taylor et al. 2005,
Kim & Im 2013). These color gradients are in agreement
with the global scenario of inside-out formation of disks.
5. DISCUSSION
In this study of 257 NGC/IC galaxies at a redshift of z' 0,
we find that:
1) Early-type galaxies have lower and narrower ranges
of βV and βV,0-values than later type galaxies (see
Figures 3 and 8). This trend can be explained by
an increased amount of old stellar populations with
quenched star-formation in early-type galaxies.
2) Spiral galaxies have steeper AV -profiles. The AV -
profiles for Sa galaxies with small bulges agree better
with what was published in GD15 than for the ones
with large bulges. The steeper AV -profile slopes are
the result of the red-bulge population in their galaxy
centers, which increases the inferred extinction values.
Before using the βV -method for spiral galaxies with
15 http://skyserver.sdss.org/dr12/en/tools/explore/Summary.aspx?id=
1237651273508651034
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Figure 8. Histograms of the βV,0-values corresponding to the least
square fitting of the AV -profiles of each galaxy to the average AV -
profile of each Hubble type from GD15. The green dot-dashed and
dotted lines represent the median and 1-σ ranges, respectively. The
brown dashed lines show the least square fitting result of median-
combined βV -profiles for each Hubble type (see Figure 6).
large bulges, these larger gradients need to be taken
into account.
3) The K17 model holds for nearby galaxies. K17 pub-
lished the intrinsic flux ratios of various visible –
near-infrared filters (βλ,0) with respect to the L filter
(∼3.5µm) as a function of redshift for galaxies hav-
ing SFHs characteristic of early-types (E and S0), spi-
rals (Sa–Sbc), and late-types (Sbc–Sd). K17 approx-
imated metallicity evolution by stacking the SEDs of
simple stellar populations as a function of SFH, which
is different for each SFH type (see Appendix D for de-
tails). Figure 9 shows the βV,0-values at a redshift of
z' 0 from the K17 model, as well as the observed data
from the current study. The K17 model values are indi-
cated by colored lines for early-types, spirals, and late-
types with metallicity offsets: Z(z=0) = 2.5, 1.0, and
0.4Z from bottom to top. K17 selected the metal-
licity offset values arbitrarily, matching the metallici-
ties of empirical SED model of SSP. Metalliticy off-
sets result in mass-weighted metallicities, 〈Z〉m at
z= 0, as indicated above or below each line (see Fig-
ure 12). The gray dotted lines are βV,0-values with-
out any metallicity evolution taken into account. The
Figure 9. βV,0-values at z' 0 for galaxies of Hubble type E–Sd.
The green dot-dashed line and shaded region indicate the median
and 1-σ limits of the βV,0-values for galaxies in each Hubble type
bin (see Figure 8). The thick brown dashed line indicates the βV,0
values derived from the median combined 〈βV 〉-profiles for each
Hubble type. Horizontal lines show the expected model values from
K17, where the colors and line styles correspond to those from Fig-
ure 12 (see Appendix D). Mass-weighted metallicities for models
at a redshift of z= 0 are shown above or below each line. βV,0-
values with no metallicity evolution are plotted as light gray dotted
lines. Mass-weighted metallicity ranges for each Hubble type from
GD15 (see their Fig.11) match well to the mass-weighted metallic-
ity range, where βV,0-values are distributed throughout the green
shaded region.
βV,0-values derived in this study through AV -profile
matching are plotted on top of the horizontal lines from
K17. The thick green dashed line and the correspond-
ing green shaded region represent the median and 1-σ
ranges of the βV,0-values derived from the βV -profiles
of individual galaxies in each Hubble type bin, respec-
tively (see Figure 8). The thick brown dashed line
shows the βV,0-values derived from the average βV -
profile of all galaxies in each Hubble type bin. The
βV,0-values fall within a range of observed 〈Z〉m from
GD15 of 1.3+0.7−0.5, 1.2
+0.6
−0.4, 0.9
+0.5
−0.4, 0.8
+0.4
−0.3, 0.6
+0.4
−0.2,
0.4+0.3−0.2, and 0.3
+0.3
−0.1 Z for the E, S0, Sa, Sb, Sbc, Sc,
and Sd types, respectively (see Figure 11 of GD15).
The βV,0-values from the K17 model were confirmed by
matching the βV,0-values at a redshift of z' 0 to the obser-
vations. K17 derived βV,0-values using empirical models that
were developed based upon observations of galaxies includ-
ing a sample at redshifts z& 2. The K17 model at a redshift
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of z' 0 is the end-product of an accumulation of SEDs of
simple stellar populations as a function of SFH and metal-
licity evolution. Any discrepancy at the intermediate red-
shift would have resulted in the mismatch at redshift z' 0.
Therefore, with HST and future JWST data, we expect the
βV -method would work for galaxies at a redshift z. 2 with
a careful classification of galaxy morphology and metallici-
ties.
JWST/NIRCam’s images are Nyquist sampled at 4µm
with 0.0647′′ pixels in the long wavelength arm (Beich-
man et al. 2012). That scale corresponds to 123, 220, and
406 pc at redshifts of z= 0.1, 0.2, and 0.5, respectively. NIR-
Cam’s pixel scale corresponds to a physical scale larger than
∼200 pc at redshift z& 0.2. The same galaxies at these red-
shifts observed with both HST and JWST would look simi-
lar to galaxies observed at a redshift of z= 0.02 by Spitzer
at IRAC’s 3.6µm resolution, such as NGC 1016, IC 2239,
NGC 2832, NGC 2892, and NGC 2937 from our sample (see
the last paragraph of § 4.1). The spatial resolution effects
from using the βV method in an HST and JWST galaxy sur-
vey would therefore not be significant over the redshift range
0.2<z <2.0. For comparison, these spatial resolution ef-
fects were evident in the Spitzer observations in our sample
at a redshift of z < 0.02. As a result of the increased reso-
lution of HST and JWST, regions smaller than giant molecu-
lar clouds would be resolved at redshifts of z < 0.2 (Murray
2011, .200 pc). Therefore the βV -method using the average
color over multiple stellar populations would become less ef-
fective at these redshifts.
In addition to dust correction via the βV -map, the βV -
method may also serve as a detection tool for AGN and
bluer/redder coherent features. Since AGN are typically sur-
rounded by thick dust tori, central βV -values lower than the
rest of the galaxy could serve as an indication of AGN activ-
ity. This method was able to find previously known features,
such as resonance rings and H II regions, and also an outflow-
like feature that has not been observed before.
6. SUMMARY
Studying PSF-matched images of 257 NGC/IC galaxy mo-
saics in the SDSS g and r filters and Spitzer 3.6µm mosaics,
we conclude the following:
1) The βV,0-values derived from AV -profile matching
with the IFU-SED fitting results agree with the mod-
els from K17 to within the stated errors.
2) βV becomes insensitive to small-scale variations in
stellar populations once resolution elements subtend
an angle larger than that of a typical giant molecular
cloud (∼200 pc). At the resolution of our images this
corresponds to a redshift z& 0.02; when combining
HST and JWST images the method should be robust
for z& 0.2.
3) SF/AGN galaxies have lower βV -values in the central
regions.
We conclude that the βV -method can serve as a simple
dust correction method for large galaxy surveys in the red-
shift range 0.2<z < 2, where JWST observations will sam-
ple rest-frame ∼3.5µm, and HST observations sample rest-
frame visible wavelengths. This will become particularly
useful when no, or only a limited number of, other broad-
band images are available.
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APPENDIX
A. PSF MATCHING
One needs to match PSFs of the images from various facil-
ities before performing any pixel-to-pixel analysis. A Python
script16 for modeling PSFs in the SDSS and Spitzer mosaics
was written to perform the PSF matching. First, SEXTRAC-
TOR was run on each mosaic to generate a background im-
age, as well as a catalog of sources. These sources were then
used as the input values of the PyRAF DAOPHOT package
(Stetson 1987). Stars having SEXTRACTOR parameter val-
ues listed below were selected and used to model the image
PSF with the PyRAF task PSF:
• FLAGS = 0
• CLASS STAR> 0.8 (0.7 for Spitzer)
• ELLIPTICITY< 0.1
• mode(FWHM IMAGE)−σ(FWHM IMAGE)
<FWHM IMAGE<
mode(FWHM IMAGE) +σ(FWHM IMAGE).
A radius of 30 pixels was used for the PSF model, which
was large enough to sample the wings of the PSF and small
enough to exclude background objects. The generated PSF
model was then fed into the task SUBSTAR, which subtracts
any stars neighboring the PSF from the stars used to create
the PSF-model. This cleans out the background and models
the PSF to a higher degree of accuracy. This procedure was
repeated one more time to finalize the modeling of each PSF.
PSF models of the Spitzer mosaics were consistent in
shape, but with varying position angles (PAs). The PSF
models were rotated to match the PAs, and then stacked to
build a master PSF for the Spitzer mosaics. Before match-
ing the PSFs of the SDSS mosaics, the PSFs needed to be
rotated back to the original PA. The SDSS PSF model was
constructed separately for each mosaic.
The PyRAF task PSFMATCH was used to match the PSFs
of the SDSS g and rmosaics to Spitzer 3.6µm mosaics. PSF-
MATCH convolved the input mosaics using a convolution ker-
nel k = F [R/I], whereF is the Fourier transform, R is the
Fourier transform of the reference PSF (3.6µm), and I is
the Fourier transform of the input PSF (SDSS g or r band)
(Phillips & Davis 1995). Nearly identical results were found
regardless of the order that the tasks WREGISTER, PSF, and
PSFMATCH were performed in.
B. PETROSIAN HALF-LIGHT RADIUS
The half-light radius (HLR) was measured to normalize the
radial profiles of the galaxies so that they could be compared
to those from the literature.
GD15 collapsed the spectral cubes in the rest-frame win-
dow 5635±45 A˚, which is near the central wavelength of the
16 https://github.com/DuhoKim/PSFtractor
V filter (5448 A˚, see the Table 7 of K17) and then measured
the HLR. Their HLR values thus measured are close to the
Petrosian half-light radius (RP50; Blanton et al. 2001; Yasuda
et al. 2001) from the SDSS data archive (see Gonza´lez Del-
gado et al. 2014, Appendix A).
To be consistent, we followed the definition of the SDSS
Petrosian half-light radius, RP50. A radial surface profile was
first determined using the median values of circular annuli
in a radius range from 1 pixel to the semi-major axis of the
galaxy.
Next, the Petrosian radius, RP , was calculated such that
the flux within an annulus between 0.8RP and 1.25RP
was less than 20% of the total flux within the radius RP .
The radius containing 50% of the flux within RP was de-
fined to be the Petrosian half-light radius, RP50. Figure 10
shows the comparison between our measurements and the
SDSS data archive values of RP50 in r (‘petroR50 r’) of
182 coordinate-matched galaxies in our sample. The values
from the ‘Galaxy’ catalog on SDSS SkyServer DR1417 were
queried using the coordinates of our galaxy sample with a
0.5′ search radius. Overall, the galaxies match, so the RP50
in the V band was used for the normalization of the radius in
Figure 6.
C. BULGE-TO-TOTAL LIGHT RATIO
GALFIT (version 3; Peng et al. 2002, 2010) was used to
measure the bulge-to-total light ratios (B/T) of the sample
galaxies. The segmentation map generated for the βV anal-
ysis was used for the ‘Bad pixel mask’. The 3.6µm mosaics
for each galaxy, the master PSF of the 3.6µm mosaics, and
the ‘Bad pixel mask’ were used as inputs for GALFIT. The
‘Image region’ and ‘Size of the convolution box’ were set to
the same as the images shown in Figure Set 2), which is twice
the semi-major axis (column 7 in Table 1).
Three components, the disk ‘expdisk’, the bulge ‘devauc’,
and ‘sky’, were input to the fitting procedure to decompose
the galaxy light into light from the disk, the bulge, and the
background, respectively. When a bright central point source
was found and the galaxy is known to have an embedded
AGN (column 18 and 19 in Table 1), we allowed for an ad-
ditional ‘psf’ component and excluded that in the calculation
of the bulge-to-total light ratio.
The following were used as the initial guesses for the GAL-
FIT parameters:
• ‘position’ = the physical pixel position converted from
R.A. and Decl.
• ‘Integrated magnitude’ = the magnitude in V
• ‘R e’ = one fifth of the semi-major axis
• ‘b/a’ = from Table 1,
17
https://skyserver.sdss.org/dr14/en/tools/crossid/crossid.aspx
16 KIM, D., ET AL.
(a) (b)
Figure 10. Comparison between (a) Petrosian half-light radii (petroR50 r) and (b) Petrosian magnitudes (petroMag r) in r band from the
catalog ‘Galaxy’ in the SDSS archive and our measurements using downloaded SDSS mosaics. The morphological types of galaxies are color
coded. The almost one-to-one slope of our measurements and the SDSS measurements shows agreement with the archival catalog.
• ‘PA’ = from Table 1.
These parameters were then set as free, so they could be var-
ied during the fitting process. We chose one fifth of the semi-
major axis as the initial guess of the effective radius ‘R e’.
Upon visual inspection, any parameters that seemed un-
reasonable were fixed, and GALFIT was rerun. For the case
when either the bulge or disk moved towards the outer part
of the galaxy, the ‘position’ argument of GALFIT was set as
fixed for both components. For the case where the bulge pa-
rameter, ‘devauc’, was seen to dominate the GALFIT fitting, a
smaller effective radius, ‘R e’, was forcefully set for the ‘de-
vauc’ component to prevent unphysical fitting at large ‘R e’.
This was seen to be the case for some late-type galaxies in
the sample.
Figure 11 shows the “absolute magnitudes” (a) and the B/T
(b) as a function of T-types in the RC3 catalog, excluding ir-
regular and peculiar galaxies (T≥ 9). The ‘Integrated magni-
tude’ output from the GALFIT fitting for each of the ‘expdisk’
and ‘devauc’ components was converted from magnitudes to
flux units. The summed flux values were converted back to
the total magnitude of the entire galaxy. The distance mod-
ulus, which was determined from the redshift, was added to
the total magnitude of the entire galaxy to determine the “ab-
solute magnitude” for each galaxy. The reduced χ2 value
of each B/T fit is shown with different colors. The bulge
component, ‘devauc’, dominates in the early-type galaxies
(T< 0), while the disk component, ‘expdisk’, gradually in-
creases with T-type. The B/T was used to subdivide the
E–Sb galaxies in Figure 6, which show different shapes of
AV -profiles between this study and IFU-SED fitting method
used in GD15. E, S0, Sa, and Sb galaxies were divided using
boundary B/T values of ' 0.7, 0.5, 0.45, and 0.25, respec-
tively. Each group is shown in Figure 11 (b) with colored
boxes for galaxies with larger (red) and smaller (blue) bulges
than the dividing B/T values.
D. MASS-WEIGHTED METALLICITY
K17 published βV,0-values for stellar populations having
stochastic SFHs with metallicity evolutions taken into ac-
count. Figure 12 shows the specific SFRs (sSFRs), and the
mass-weighted metallicity, 〈Z〉m, as a function of redshift.
The gray solid, dashed, and dotted lines indicate amplitudes
of multiple exponentially declining star-formation episodes
for early-type (SFH3), spiral (SFH4), and late-type (SFH5)
galaxies, respectively. The SFH3, SFH4, and SFH5 mod-
els are from Behroozi et al. (2013) for galaxies with stellar
masses of 1011.4, 1010.95, and 109.5 M, respectively.
The 〈Z〉m value is the sum of the products of SFR and
metallicity divided by the sum of the SFRs up to a certain
redshift (z > x; see Equation 9 in K17). The colored solid,
dashed, and dotted lines in Figure 12 are the 〈Z〉m values
of galaxies with SFH3, SFH4, and SFH5, respectively. K17
derived slopes for linear cosmic metallicity evolution as a
function of redshift using the mass-metallicity relation from
Maiolino et al. (2008) and three SFHs from Behroozi et al.
(2013), which are −0.18 (SFH3), −0.03 (SFH4), and −0.58
(SFH5) (see also Fig.20 of Maiolino & Mannucci 2018). The
orange, green, and blue lines represent different metallic-
ity offsets, Z(z= 0), of 2.5, 1.0, and 0.4Z, respectively.
The lower limit of the metallicity evolution was selected as
Z = 0.0001, which originated from the available SED models
BC03 (Bruzual & Charlot 2003) and Starburst99 (Leitherer
et al. 1999) that K17 used for young and old stellar popula-
tions. For example, the solid orange line represents the evo-
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Figure 11. (a) RC3 T-type vs. total magnitude + distance modulus; (b) The bulge-to-total light ratios (B/T) measured using GALFIT versus
RC3 T-type (excluding irregular and peculiar galaxies) of 239 galaxies. The colors of the dots in (b) represent the χ2 divided by the number of
pixels. The red (blue) boxes contain galaxies whose B/T values higher (lower) than 0.7, 0.5, 0.45, and 0.25 for E, S0, Sa, and Sb type galaxies,
respectively, which consists of the ‘Large bulge’ (red) and ‘Small bulge’ (blue) subgroups for each Hubble types in Figure 7.
0 1 2 3 4 5 6 7
Redshift
2.5
2.0
1.5
1.0
0.5
0.0
lo
g(
<Z
> M
/Z
)
Behroozi+13 Maiolino+08 and Kim+17
<Zevol3(Z0=2.5 Z )>M
<Zevol4(Z0=2.5 Z )>M
<Zevol5(Z0=2.5 Z )>M
<Zevol3(Z0=Z )>M
<Zevol4(Z0=Z )>M
<Zevol5(Z0=Z )>M
<Zevol3(Z0=0.4 Z )>M
<Zevol4(Z0=0.4 Z )>M
<Zevol5(Z0=0.4 Z )>M
SFH3 (log(M/M )=11.4,    Zevol3= -0.18 z + log Z0)
SFH4 (log(M/M )=10.95,  Zevol4= -0.30 z + log Z0)
SFH5 (log(M/M )=9.5,      Zevol5= -0.58 z + log Z0)
0.0
0.2
0.4
0.6
0.8
1.0
sSFR (arbitrary)
Figure 12. The mass-weighted metallicities, 〈Z〉m, and specific SFRs (sSFRs) as a function of redshift from K17 are indicated by the colored
and gray lines, respectively. For sSFRs, K17 adopted SFRs of galaxies with stellar masses of 1011.4 (SFH3), 1010.95 (SFH4), and 109.5 M
(SFH5) from Behroozi et al. (2013). Linear metallicity evolution as a function of redshift was derived by K17 from these SFRs and the mass-
metallicity relation of Maiolino et al. (2008). The 〈Z〉m at a certain redshift, zc, is the sum of the product of metallicity and SFR divided by the
sum of the SFRs in the redshift range z >zc. The lower metallicity limit at logZ/Z∼=−2.3 was set by the lowest metallicity available from
SED models of simple stellar populations from BC03 and Starburst99 (for details, see Kim et al. 2017).
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lution of the 〈Z〉m of a galaxy having SFH3 with a slope
of the linear metallicity evolution of −0.18 (Zevol3) with
a metallicity offset, Z(z= 0), of 2.5Z. Due to massive
galaxies having high metallicities and dwarf galaxies having
low metallicities on average, Figure 12 would not show many
galaxies with dotted orange or solid blue lines. Nonetheless,
K17 showed all these results for completeness.
Nine 〈Z〉m values at z= 0 are shown in Figure 9 either
above or below each colored line with the same color and
line type as the corresponding colored lines in Figure 12.
E. βV VS. AXIS RATIO
To avoid potential systematic uncertainties originating
from a wide range of optical depths through edge-on galactic
disks, we selected only face-on galaxies having axis-ratios
(b/a) larger than 0.5. Figure 13 shows the relationship be-
tween βV -values and their axis-ratio values. No significant
correlation between βV and the axis-ratio was seen in our
sample to within the 1-σ errors (blue shaded regions). Sbc,
Sd, and Irr&Pec types may show at best a hint of a positive
correlation, although this is not significant within the current
uncertainties.
Figure 13. βV versus b/a of individual galaxies for each in mor-
phological type bin. Galaxies with b/a< 0.5 are not included in our
sample. The best-fit regression is overlaid as orange lines, while
the shaded region represents the ±1-σ range. Only Sbc, Sd, and
Irr&Pec galaxies in our sample show hints of a correlation between
the βV -value and the axis ratio for our sample. However, within
the uncertainties this correlation does not seem to be statistically
significant.
